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Abstract 
In this review, we summarize recent work from our laboratory which establishes the topology and nearest neighbor 
organization of subunits in the F 0 sector of the H + transporting ATP synthase of Escherichia coli. The E. coli F o sector is 
composed of three subunits in an a lbzCl2 stoichiometric ratio. Crosslinking experiments with genetically introduced Cys 
establish a ring-like organization of the 12 c subunits with subunits a and b lying to the outside of the ring. The results are 
interpreted using an atomic resolution structural model of monomeric subunit c in a chloroform-methanol-water (4:4:1, 
v/v/v) solution, derived by heteronuclear NMR (M.E. Girvin, F. Abildgaard, V. Rastogi, J. Markley, R.H. Fillingame, in 
press). The crosslinking results validate many predictions of the structural model and confirm a front-to-back-type acking 
of two subunit c into a functional dimer, as was first predicted from genetic studies. Aspartyl-61, the proton translocating 
residue, lies at the center of the four transmembrane h lices of the functional dimer, rather than at the periphery of the 
subunit c ring. Subunit a is shown to fold with five transmembrane h lices, and a functionally important interaction of 
transmembrane helix-4 with transmembrane helix-2 of subunit c is established. The single transmembrane helices of the two 
subunit b dimerize in the membrane. The structure of the transmembrane segment of subunit b is predicted from the NMR 
structure of the monomeric peptide. © 1998 Elsevier Science B.V. 
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1. Introduction 
H + transporting ATP synthases utilize the energy 
of a proton electrochemical gradient to drive the 
synthesis of ATP during oxidative phosphorylation. 
The simplest FiF0-type enzymes, e.g. as in E. coli, 
are composed of eight types of subunits in an unusual 
stoichiometry of %133",/~e for F~ and a~b2c~2 for F o 
[1]. F~ extends from the membrane with the ~ and [3 
subunits alternating around a central subunit ",/ [2]. 
ATP synthesis is thought to occur alternately in 
*Corresponding author. 
different [3 subunits, the cooperative tight binding of 
ADP+P~ at one catalytic site being coupled to ATP 
release at a second site. The differences in binding 
affinities appear to be caused by rotation of the 
subunit in the center of the e%[33 hexamer [3]. The "y 
subunit raverses a 45-~ stalk connecting the catalytic 
subunits to the membrane traversing F 0 sector [4]. 
Proton translocation through F o is thought to drive 
rotation of the "y subunit. 
Subunit c is the H+-translocating subunit of F 0. It 
is known to fold in the membrane as a hairpin of two 
hydrophobic s-helices, with a more polar loop region 
exposed to the F 1 binding side of the membrane [ 1]. 
0005-2728/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved. 
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Proton binding and release is mediated by Asp61, 
which is centered in the second transmembrane helix. 
The loop region is known to interact with both the e 
and 3' subunits [5-7]. Recent thermodynamic and 
kinetic measurements with the chloroplast enzyme 
indicate that four protons need be translocated for 
each ATP synthesized, and this stoichiometry may 
explain the requirement for multiple subunit c [8,9]. 
As each ATP is synthesized, 3' and e would rotate by 
120 °, with the rotation being driven by the sequential 
protonation and deprotonation of four subunit c. In 
one complete cycle, three ATP molecules would be 
synthesized as 12 protons are translocated, thus 
explaining a stoichiometry of 12 subunit c per F 0. 
The chemically determined stoichiometry of subunit c 
per F 0 is 10+1 [10], but, for reasons discussed 
below, we are now certain that the number is 12. 
The mechanism by which proton binding and 
release from Asp61 of subunit c is coupled to gamma 
subunit rotation and ATP synthesis is unknown. 
Several authors have suggested that an oligomeric 
ring of subunit c may rotate with the 3' and e 
subunits, with Asp61 lying at the periphery of the 
ring [ 11-13]. Alternatively, the 3' and e subunits may 
move from the polar loop of one subunit c to the 
next, due to conformational changes provoked by the 
binding and release of protons at Asp61 [14], and the 
c oligomer would remain fixed [1,15]. Subunit a is 
generally thought to play an important role in the 
protonation/deprotonation of subunit c, although that 
role remains to be defined, Subunit b is proposed to 
serve a more structural role, perhaps working as a 
complex with subunit ~ to hold the oL3[33 fixed to the 
membrane during the rotation of the 3' subunit [16]. 
An understanding of the structural organization of F 0 
is essential if we are to understand the mechanism. 
2. NMR structure of subunit c 
The structure of monomeric subunit c dissolved in 
a mixture of chloroform-methanol-water (4:4:1, v/ 
v/v) made 50 mM in NaCl at pH 6 has been solved 
by a series of heteronuclear NMR experiments with 
JSN- and 13C-labeled protein (M.E. Girvin, F. Abil- 
dgaard, V. Rastogi, J. Markley, R.H. Fillingame, 
Biochemistry, in press). The protein can be reconsti- 
tuted from this solvent mixture with complete re- 
tention of function, so it is clearly not irreversibly 
denatured [17]. The protein exhibits a number of 
features that were predicted from in situ studies in the 
membrane in this single phase solvent mixture. It 
folds as a hairpin of two extended oL-helices, with 
Asp61 close to Ala24 and Ile28, just as it is predicted 
to fold in the membrane by several genetic criteria 
[1]. The proximity is suggested by the A24S and 
I28T mutations that reduce the reactivity of Asp61 
with dicyclohexylcarbodiimide (DCCD). A second 
and even more compelling suggestion, that residues 
24 and 61 lie close to each other in the membrane, 
stems from the observation that the essential carboxyl 
can be moved from position 61 on helix-2 to position 
24 on helix-1 with retention of function [18]. That is, 
the essential carboxyl appears to be anchored at an 
equivalent position regardless of whether it is at- 
tached to helix-2 or to helix-1. In addition, Pro64 in 
helix-2 and Ala20 in helix-1 are predicted to lie close 
to each other, based upon suppressor mutations where 
the function of the P64L or P64A mutants are 
partially or completely restored by the second site 
A20P suppressor substitution [19-21]. Finally, the 
[3-carboxyl of Asp61 exhibits unique properties in the 
chloroform-methanol-water solvent, mimicking 
characteristics expected in the membrane. For exam- 
ple, the Asp61 carboxyl retains its specific reactivity 
with DCCD [22], while the other five carboxyls 
remain unreactive. The Asp6l carboxyl also shows 
an elevated pK a, 1.5 pH units higher than any of the 
other side chain carboxyls in the protein, suggesting 
that it is shielded from the bulk solvent [14]. Ioniza- 
tion of the Asp61 carboxyl (pKa=7.1) leads to global 
conformational changes in the loop region of the 
protein, which may mimic the conformational 
changes expected in the loop region during the 
protonation/deprotonation hatis coupled to proton 
transport and ATP synthesis. 
The NMR model is based upon 2008 NOE distance 
restraints (-<5 ~), 101 of which are between helices, 
and definition of 64 dihedral angles. The structure is 
well defined, with a backbone heavy atom rms 
deviation of 0.4 A. The protein is largely oL-helical, 
turning back on itself between residues 41 and 45 to 
form a hairpin-like structure with Pro43 sitting at the 
very top of the loop (Fig. 1). The turn occurs over a 
series of conserved polar residues, i.e. Arg41- 
R.H. Fillingame et al. / Biochimica et Biophysica Acta 1365 (1998) 135-142 137 
I55 
A62 
G69 
R41 
8 
4 
N N 
Back  F ront  
Fig. 1. Ribbon representation f the folding of subunit c, showing the two flattened surfaces ('front' and 'back') described in the text and the backbone 
positions of select residues that are discussed in the text. The N-terminal end of the molecule is indicated by N. The side chains of Asp61, Met65 and 
Leu72 extend from the surface at the 'front' of the molecule. The side chains of Ala24, 11e28, I55 and Ala62 extend from the surface at the 'back' of the 
molecule. Gly69 lies at the interface between the two helices, with the two o~-carbon hydrogens visible from the 'back' surface. The illustration was done 
using the program MOLMOL [35]. 
Gln42-Pro43, residues which are thought to partici- 
pate in transmitting a conformational change from 
subunit c to the stalk region of F~ in response to 
proton transport [1]. The N- and C-terminal helical 
halves of the molecule xtend from the loop in a near 
parallel fashion making Van der Waals contact at 
Gly27 with Gly58. The parallel packing of helices 
continues to Ala20 of helix-1 and Val60 of helix-2. 
Helix-2 unwinds and opens somewhat between 
Asp61 and Pro64, with a change in direction by about 
20 ° at Pro64. Helix-1 also changes direction by about 
20 ° beginning at Ala20, but the direction of change is 
somewhat different from that in helix-2 and the 
helices end up crossing and gently wrapping around 
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each other to the end of the C-terminal helix. The 
change in direction at Ala20 and Pro64 is of interest 
given that suppressor studies show that an A20P 
substitution will correct function in the P64L and 
P64A mutants. Side chains of the two helices are in 
contact from residues just below the loop to residues 
near the ends of the two helices. Close backbone 
contacts are seen with Gly27 contacting Gly58 and 
continued interactions of Ala21 and Ala24 with 
Ala62 and of Metl7 and Ala20 with Met65. Aro- 
matic clusters at both ends of the molecule probably 
stabilize the helix-helix interactions. 
The packing of helix-1 with helix-2 results in a 
flattened, oval-shaped molecule when viewed from 
the loop end. On both sides of the protein, a flattened 
surface extends from the center of the molecule to 
Pro43 at the tip of the loop (Fig. 1 ). The carboxyl 
group of Asp61 lies at the center of one flattened 
surface, with Pro64 on one side and Ala20 on the 
other, in a cavity-like depression formed by the 
absence of side chains at Gly23, Gly27 and Gly58. 
The three Gly residues are invariant or highly con- 
served in all species and are likely to be critical to 
function. Ala20 and Pro64 lie just below and to either 
side of Asp61. The side chains of large hydrophobic 
residues enclose the remaining circumference of the 
cavity and may account for the abnormally high pK.~ 
value of the Asp61 [3-carboxyl group (14). 
3. Packing predicted by the NMR model 
The Ala24, Ile28 and Ala62 side chains extend 
from the flattened surface exactly opposite to the 
Asp61 side chain (Fig. 1). This proved to be one of 
the surprises of the refined NMR structure in that the 
A24D/D61G and A24D/D61N double mutants are 
functional. As suggested above, the essential carboxyl 
group should occupy the same position whether 
anchored to helix-2 or to helix-1, the latter in the case 
of the double mutants. One would also predict that 
Ala24 and Ile28 would lie proximal to Asp6l, since 
mutations in residues 24 or 28 cause DCCD resist- 
ance. Furthermore, based upon the subunit c se- 
quence in the Na +-translocating Propiogenium 
modestum enzyme, the multiple substitution of 
V60D61A62163---~A60E61S62(G/A)63 in E. coli 
subunit c was found to result in Li + binding and a 
suggested role of both Glu61 and Ser62 in chelation 
of the ion [21]. Side chains of these residues would 
lie on opposite flattened surfaces. Subsequently, the 
Ser in the P. modestum subunit c, at the equivalent of 
position 62, was shown to be required for Li + or Na + 
binding, and the Gln, at the equivalent of E. coli 
position 28, was required for Na + binding [23]. 
Hence, the residue 61 carboxyl should interact with 
residues 62 and 28 to form the cation binding site. To 
explain the complete set of results, we suggest that, in 
the subunit c oligomer, the side chains of residues 24, 
28 and 62 of one subunit c may interact with Asp61 
of a second subunit c in a front-to-back ind of 
packing of the flattened surfaces (see Fig. 1). The 
minimal functional unit that could then form an ion 
binding site would then be predicted to be a dimer of 
two subunit c. 
4. Packing of the subunit c oligomer determined 
by Cys-Cys crosslinking 
On the basis of a preliminary NMR structure for 
the N- and C-terminal segments of subunit c in the 
region below Asp61 [24], and proposals for a ring- 
like arrangement versus a four-helix bundle of six 
dimers [15], multiple Cys residues were introduced 
into subunit c in an attempt o determine the oligo- 
meric arrangement. The most definitive crosslinks 
support a ring-like arrangement, with helix-2 on the 
outside and the less bulky helix-1 on the inside. 
Crosslinked oligomeric ladders extending up to 12 
subunit c were observed on the introduction of Cys at 
two different positions (E Jones, W. Jiang, R. Filling- 
ame, J. Biol. Chem., in press). We consider these 
crosslinks to be most definitive because the single 
Cys substitutions do not form substantial amounts of 
dimer on oxidation with Cu-phenanthroline. The 
relative position of the co-backbone carbons of the 
various Cys substitutions in modified a-helical 
wheels designed to match the NMR model are shown 
in Fig. 2. The defining high yield crosslinks occur in 
the following double mutants: M16C/G18C and 
G18C/L19C within helix-l; L70C/L72C in helix-2; 
and diagonal crosslinks between helix-I and helix-2 
at A14C/L72C, A20C/I66C and A21C/M65C. Sin- 
gle Cys substitutions at positions 15, 26 and 30 give 
high yield dimers on Cu-phenathroline oxidation, a 
result which suggests a possible thermal swiveling of 
helix-1 units relative to each other to form the dimer. 
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Fig. 2. Helical wheel-type representation f the relative positions of select ~-carbons in the NMR structure of subunit c. The end-on view of the molecule is 
from the N- and C-termini. Three subunits are shown as they are thought o be arranged in one quadrant of a ring of 12 c subunits per F o oligomer. 
All combinations of double Cys substitutions at 
positions 15, 26 and 30 form ladders on Cys oxida- 
tion, which is consistent with swiveling and the 
ring-like structure shown in Fig. 2. If Cys residues at 
positions 15, 26 and 30 were forming dimers by a 
face-to-face interaction of two subunit c, the intro- 
duction of multiple Cys at these positions would be 
predicted to promote dimer formation, but not ladder 
formation. Note that Asp61 would lie in the interior 
of a four-helix bundle in the arrangement shown in 
Fig. 2. Furthermore, on viewing a single subunit c, 
Asp61 would lie on one face and residues 24, 28 and 
62 would point towards the other face, as indicated 
previously in the discussion of the NMR model. 
5. Genetic construct ion of a funct ional  tandem 
c 2 dimer and tandem c 3 tr imer 
In a related family of vacuolar (V-type) ATPases, 
subunit c is proposed to have evolved into a fused 
dimer of four transmembrane h lices with a single 
proton-transporting Glu carboxyl falling in the middle 
of transmembrane helix-4. The extramembranous 
loop linking helices I/II and III/IV is sufficiently 
long to allow a 'front-to-back' type of packing of 
homologous helices, as is proposed here for subunit 
c. We have introduced a flexible loop of similar 
length between E. coli subunit c monomers by 
genetic methods and have generated functional c -c  
fused dimers and c -c -c  fused trimers (E Jones, R. 
Fillingame, in preparation). The results strongly 
suggest that the stoichiometry of subunit c in F o must 
be a multiple of either two or three. The experimen- 
tally determined value of subunit c per F 0 was 10 + 1 
for purified F~F 0' and 12 when the subunit c content 
was normalized to the c~/[3 content of membranes 
where F 1F o was overproduced by sixfold [10]. Given 
our success in generating functional dimers and 
trimers, we obviously favor a fixed stoichiometry of
12 subunit c per F 0, a value easily falling within the 
range of error of the experiments. The number also 
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fits an H +/ATP translocation ratio of four, which is 
consistent with the most recent reports on stoichiome- 
try [8,9]. Double Cys substitutions have been intro- 
duced into the genetically fused c -c  dimers and 
c -c -c  trimers and oligomeric ladders extending to 
(c2) 6 and (c3) 4 generated on Cu-phenathroline oxida- 
tion, providing compelling proof of the c j2 oligo- 
meric structure. 
6. Topology of subunit a 
Subunit a is thought o play a role in H + transloca- 
tion. One possibility is that the essential aR210 
residue facilitates a pK, shift of the Asp61 car- 
boxylate to a low pK, form during H+-transport - 
coupled ATP synthesis [25]. Arg210 is not essential 
for the passive H + transport mediated by F o after 
removal of F j, which is probably mediated by a high 
pK  form of Asp61 [26]. The topological organization 
of subunit a has been established based upon the 
chemical accessibility of genetically introduced Cys 
in right-side-out and inside-out membrane vesicles 
(F. Valiyaveetil, R. Fillingame, in preparation). Res- 
idues which show a reciprocal pattern of reactivity in 
membrane vesicles of different sidedness have been 
identified in each loop and at the N- and C-termini. 
The protein folds with five transmembrane helices, 
with the N-terminus at the periplasmic side and the 
C-terminus on the cytoplasmic side of the membrane. 
Arg210 lies in the fourth transmembrane h lix, close 
to the expected transmembrane position of Asp61. 
The model derived by Cys reactivity is supported by 
multiple, independently selected second-site suppres- 
sor substitutions ( [27,28]; F. Valiyaveetil, R. Filling- 
ame, J. Biol. Chem., in press). 
7. Hel ix-hel ix interaction between subunits a 
and c 
The orientation of the fourth transmembrane h lix 
of subunit a was independently verified, relative to 
the orientation of transmembrane h lix-2 of subunit c, 
by Cys-Cys crosslinking between the two subunits 
(W. Jiang, R. Fillingame, Proc. Natl. Acad. Sci. USA, 
in press). Residues 217, 221 and 224, which fall on 
one face of this putative helix, were previously 
predicted to lie close to Asp61 of subunit c, based 
upon genetic suppressor studies [29]. Cys residues 
were substituted for multiple residues in these two 
regions and the pattern and direction of crosslinking 
were eventually established (Fig. 3). As examples, 
residue aCys214 was shown to be close to cCys62 
and cCys65, and aCys22l was close to cCys69. 
Other crosslinks are observed at the edges of the 
transmembrane r gion. The residues of subunit c, 
forming high yield crosslinks with helix-4 of subunit 
a, fall on different faces of the model shown in Fig. 
1. Cys at position 65 or 72 would be accessible from 
the front face, whereas Cys at positions 55, 62 or 69 
would be accessible from the opposite face. If the 
subunit c are packed in a 'front-to-back' type of 
packing, as is suggested above, helix-4 of subunit a 
would have to insert between subunits for cross- 
linking to occur (note the position of these residues in 
Fig. 2). Conceivably, such an interaction might open 
the cation binding site between subunits to facilitate 
proton binding to, or release from, the low pK a form 
of Asp61. 
Subunit a - hel ix 4 Subuni t  c -  hel ix 2 
0 !  000 0 
Cytoplasmic face 
(F 1 binding side) To polar 
loop 
Fig. 3. Predicted helix-helix interactions between transmembrane helix-4 
of subunit a and transmembrane helix-2 of subunit c. The arrows how 
the pairs of crosslinkable r sidues found in highest yield after the 
introduction fCys at the positions shown in both subunits. 
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8. Dimeric structure of membrane-anchoring 
transmembrane helix of subunits b 
The N-terminal 33 amino acid residues of subunit 
b are quite hydrophobic and it has been suggested 
that they extend through the membrane lipid bilayer, 
whereas the remainder of the protein to C-terminal 
residue 156 is polar and highly charged and is 
predicted to fold in an array of c~-helical bundles. A 
peptide corresponding to the 34 N-terminal residues 
was synthesized and the structure determined by 
NMR in the chloroform-methanol-water (4:4:1, v/ 
v/v) solvent used previously in solving the structure 
of subunit c (O. Dmitriev, P. Jones, W. Jiang, R. 
Fillingame, in preparation). Residues 4-22 form a 
continuous et-helix. The helix is interrupted from 
residues 23-26 and resumes from residues 27-33 at 
an angle offset by 20 ° from the initial helix. The 
interruption of a-helical structure can be attributed to 
sequential proline residues at positions 27 and 28, 
which break the i, (i +4) pattern of hydrogen bonding 
seen in an oL-helix. The residues in the 23-26 hinge 
region are well ordered in solution, probably due to 
the restricted torsional mobility of the two backbone 
Pro residues and spatial constraints of bulky side 
chains of residues 22-26. If the helix formed by 
residues 4-22 spans the hydrophobic core of the lipid 
bilayer, it is likely that the Trp26 side chain would 
pack at the hydrophobic/polar interface of the phos- 
pholipid leaflet, as is observed in other membrane 
proteins. 
Dimers have been formed with the hydrophilic 
domain of subunit b following the genetic intro- 
duction of Cys [30]. We have also found that dimers 
form when Cys residues are introduced into the 
N-terminal, membrane-spanning re ion. Cys residues 
were introduced continuously from residues 2-21. 
On oxidation with Cu-phenathroline, dimers were 
formed in high yield when Cys residues were intro- 
duced at positions 2, 6 and 10, and in lower yield 
following the introduction of Cys at positions 3, 8, 9 
and I I. No crosslinking was observed when Cys was 
substituted for residues 12-21. The continuous cross- 
linking between residues 8-11 may indicate mobility 
between contacting faces in this region. A dimer of 
the N-terminal region of subunit b was modeled by 
molecular dynamics using fixed backbone angles in 
the monomeric structure and different distance con- 
straints for residues giving high and low yield 
crosslinks. The modeling suggests that the N-terminal 
regions cross each other at an angle of approximately 
35 ° in the region of residues 4-11 and, then, that the 
helices separate as they cross the lipid bilayer at a 
slight angle. The hinge region would change the 
direction of the second helix residues (residues 27- 
33) such that it would extend into the cytoplasmic 
domain at a perpendicular ngle to the plane of the 
membrane. 
The crosslinking results, described here and else- 
where [30], clearly indicate that the two b subunits 
are associated in Fo. Previous studies with a cross- 
linking reagent that would span a maximum distance 
of I l /~ yielded a lb  2 heterotrimers [31]. Based upon 
the modeling of the c-oligomeric ring, and the 
crosslinking between helix-2 of subunit c and helix-4 
of subunit a, we conclude that subunits a and b both 
lie outside of the ring. This is consistent with the 
conclusions reached by electrospectroscopic imaging 
[32] and atomic force microscopy [33,34]. 
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